Abstract-Room temperature ferromagnetic Gd 5 Si 4 nanoparticles were synthesized using arc-melting and high-energy ball milling. We demonstrate that these particles can be used as potential T2 contrast agents for magnetic resonance imaging (MRI). The ball-milled Gd 5 Si 4 nanostructured material shows a ferromagnetic-to-paramagnetic transition at 320 K, revealing long-range magnetic order of the Gd 5 Si 4 phase. Echo time was measured in a 7 T magnetic resonance imaging system and shows significant reduction compared to that reported for superparamagnetic iron oxide nanoparticles. These results show the potential of Gd 5 Si 4 ferromagnetic nanoparticles as T2 contrast agents for MRI.
I. INTRODUCTION
The use of contrast agents in magnetic resonance imaging (MRI) improves diagnostic accuracy by enhancing tissue contrast. Contrast agents have also been functionalized with specific molecules to enable targeted imaging of specific tissues [Loui 2010 , Terreno 2010 . The most commonly used MRI contrast agents are paramagnetic chelated complexes of Gd 3+ , which have a marked effect on spin-lattice relaxation of surrounding water protons and result in bright contrast enhancement in T1-weighted imaging (positive contrast) [Castelli 2008 ]. Compared to Gd-based agents, superparamagnetic iron oxide nanoparticles (SPION) induce dark contrast enhancement (negative contrast) in T2-weighted MR images, and hence, they have been used as T2 contrast agents [Stark 1988 , Laurent 2008 , Bailey 2014 . Recently, there has been increasing interest in developing nanoparticle-based MR contrast agents that are different from "bulk," water-soluble chemicals, in order to take advantage of unique physiochemical properties that arise at the nanoscale level [Wang 2011 , Walter 2012 , Taylor 2014 , Estelrich 2015 . However, finding optimum materials to become good contrast agents for MRI is quite challenging. The main parameters that control enhancement of the image are the relaxivity coefficients (r1 and r2) of contrast agents. To achieve high imaging performance, and to increase r1 and r2, as well as the MR contrast, saturation magnetization (M s ) of magnetic nanoparticles must be high. This is because the MRI application depends on the relative strength of the magnetic field of the magnetic nanoparticles indicated by their saturation magnetization and their impact upon the spin-spin relaxation time (T2) of the surrounding protons. The relaxivity coefficient (r2) is determined by the slope of transverse relaxation rate (r2), (r2 = 1/T2) against nanoparticle concentration and can be used as an indicator for contrast efficciency [Yoo 2011] .
In this letter, we introduce gadolinium silicide (Gd 5 Si 4 ) ferromagnetic nanoparticles (NPs) as T2 contrast agents (see Fig. 1 ). Elemental Gd has the highest spin-only magnetic moment per atom among all other nonradioactive elements in the periodic table. Its orbital magnetic moment is zero, leading to the lowest magnetocrystalline anisotropy among other lanthanides, making the metal the softest ferromagnetic lanthanide which orders magnetically close to room temperature [Skomski 2009 , Hadimani 2015 . Because of the unique magnetic properties, Gd-based contrast agents have been developed for a number of biomedical applications. The unique feature of Gd 5 Si 4 resulting from the ferromagnetic behavior at room and body temperatures is the long-range magnetic order that leads to increase in M S values as well as relaxivity coefficient. Availability of room temperature ferromagnetic gadolinium-based materials opens up an opportunity to design new T2 contrast agents for MRI to complement Gd-based T1 agents and, hence, to improve image resolution and/or reduce the size of superconducting magnets that are needed to produce large static fields.
II. MATERIALS AND METHODS

Synthesis of Gd 5 Si 4 nanoparticles:
The synthesis process has been described in detail elsewhere [Wang 2011 ]. Briefly, Gd 5 Si 4 nanoparticles were synthesized using arc-melting of the stoichiometric mixture of Gd (purity 99.9%) and Si (Cerac Inc., USA, >99.999%) under Ar atmosphere. The arc-melting process was repeated six times to ensure homogeneity. To obtain submicron Gd 5 Si 4 particles, the as-cast material was first ground in an agate mortar and screened to obtain powders with particle size of 53 µm or smaller. Further reduction in the particle size was achieved by high-energy ball-milling in a magneto ball-mill operating under high-impact mode for 8 h without adding any liquid processing agent.
Characterization: The Gd 5 Si 4 nanoparticles were analyzed for their morphology and crystal structure using scanning transmission electron microscopy (STEM, Search Results Philips CM30) and X-ray diffraction (XRD, PANalytical MPD X'Pert Pro). A vibrating sample magnetometer (VSM, Quantum Design, 3 T Versalab) was used to investigate the magnetic properties of the particles. The magnetic resonance relaxation properties of Gd 5 Si 4 were evaluated in a 7 T MRI system. All the experiments were performed in a Bruker 7 T MRI scanner. The Gd 5 Si 4 samples were prepared with different concentrations and were fixed in 1% agarose to ensure good homogeneity for MR imaging. Gd-based contrast agents are generally T1 contrast agents. However, the reported Gd 5 Si 4 compound exhibits ferromagnetic properties at room temperature. Hence, the T2 properties of Gd 5 Si 4 were examined. In this extent, the T2 imaging was performed using a multislice multiecho (MSME) sequence. However, due to the ferromagnetic property, Gd 5 Si 4 exhibited a significant reduction in the T2 relaxation time. A standard MSME sequence due to its higher echo time (TE) cannot be employed for T2 measurement, and in turn, the T2-weighted images exhibited no signal from samples of variable concentrations.
III. RESULT AND DISCUSSION
Gd 5 Si 4 nanoparticles have been synthesized using arc-melting and ball-milling methods described in detail elsewhere [Harstad 2017 ]. Briefly, the stoichiometric mixture of Gd and Si elements were arcmelted under Ar atmosphere in order to obtain a Gd 5 Si 4 ingot. The ingot was then ball milled in a high-energy ball mill to prepare nanostructured powders from the as-made ingot. The morphology of the formed particles investigated using transmission electron microscope (TEM) shows random shape with an average particle size of 500 nm [see Fig. 2(a) ]. The phase structures of the particles were determined using the high-angle annular dark-field (HAADF) images analyzed with EDX elemental analysis [see Fig. 2(b) ]. The regions 1 and 2 represent Gd 5 Si 4 phase, and the regions 3 and 4 represent Gd 5 Si 3 phase. The obtained large particle size is necessary for enhanced r2 [Skomski 2009 ].
The crystal structure and phase purity of the formed particles were examined using the XRD technique, revealing the expected orthorhombic Gd 5 Si 4 -type structure [see Fig. 3(a) ]. The quantitative analysis was performed using High Score Xpert software to reveal 78% of Gd 5 Si 4 and the presence of 22% of the neighboring hexagonal Gd 5 Si 3 phase. The measured peaks was fitted and compared to the reference files for Gd 5 Si 4 and Gd 5 Si 3 , as shown in Fig. 3(b) . The main phases of Gd 5 Si 4 (231), (042), and (132) at 32.193°, 33.543°, and 31,732°, respectively, are dominant and matching with the obtained pattern [see Fig. 3(b) ]. On the other hand, the main peak for Gd 5 Si 3 are (211) at 35.077°and are matching with the obtained pattern.
The magnetic properties of Gd 5 Si 4 nanoparticles were measured using VSM at different temperatures (see Fig. 4 ). The magnetization as the function of applied magnetic field (M-H) up to 3T shows ferromagnetic behavior at 270 and 310 K, reaching, respectively, 78 and 45 emu/g at 3 T [see Fig. 4 (a) ]. The M-H curve at 370 K exhibits paramagnetic behavior. The magnetization at room temperature is, therefore, clearly enhanced. In order to confirm the transition temperature, the magnetization as a function of temperature (M-T) was measured in a 100 Oe magnetic field and is shown in Fig. 3(b) . The M-T curve shows the Curie point (ferromagnetic-to-paramagnetic transition) at 320 K. A small anomaly near 100 K is due to the presence of Gd 5 Si 3 impurity or small particles of Gd 5 Si 4 , whose transition temperature is close to 100 K. From the M-T curve, the quantitative ratio of Gd 5 Si 4 to Gd 5 Si 3 can be analyzed from the slope at the anomaly at 100 K. These result in a ratio of 80 to 20% of Gd 5 Si 4 to Gd 5 Si 3 phases, which is in good agreement with the XRD quantitative analysis of the phases ratios.
Since Gd 5 Si 4 NPs are ferromagnetic, we have tested their potential and feasibility as contrast agent for MRI. The application of ultrashort TE (UTE) MRI methodology to measure the T2 values and T2-weighted images was applied in a 7 T Bruker MRI system. The UTE sequence was developed to visualize the objects which exhibit, short T2 values. The application of UTE include imaging musculoskeletal tissues, ligaments, and tissues with short T2 * visualization, and liver and lung parenchyma. We have investigated the Gd 5 Si 4 NPs in agar solution for its T1 properties. A T1 fast low-angle shot (FLASH) sequence was used to generate T1-weighted images with the following acquisition parameters: repetition/echo time, (TR/TE) = 200/1.5 ms; slice thickness (ST) = 0.8 mm; FOV = 50 × 50 mm; flip angle = 5°C; the matrix size 256 × 98; the total acquisition time is 52 s. We observed, that, for the above acquisition parameters, the Gd 5 Si 4 exhibited no signal (images not included). This could be attributed to the low T2 values associated with the compound. Since the Gd 5 Si 4 exhibits ferromagnetic behavior, we set out to further investigate the T2 magnetic resonance properties of the NPs. The standard T2 MRI pulse sequence MSME was employed. The MSME protocol being a standard T2 sequence to generate T2 maps, we attempted to study the T2 behavior of Gd 5 Si 4 compound using an MSME sequence. The acquisition parameters are as follows: repetition/echo time, (TR/TE) = 1650/50 ms; slice thickness (ST) = 0.8 mm; matrix size = 256 × 98 mm; flip angle = 5°C; FOV = 60 × 60 mm; the total acquisition time is 2 min 41 s. However, the images yielded no signal, which further substantiates the possibility of ultrashort T2 values of the Gd 5 Si 4 samples. Since neither T1 FLASH nor MSME sequences yielded any signals, we applied an alternative protocol, UTE, which is used to image samples with very short T2 values, on the order of microseconds. UTE sequence can be used in either two-dimensional (2-D) or threedimensional (3-D) acquisition mode. The advantage of UTE-3-D over its 2-D counterpart is that the TE can be further reduced, facilitating the visualization of objects with very short T2 values. We have implemented the UTE protocol to Gd 5 Si 4 samples with different concentrations 0.25, 0.5, 0.75, 1.0, 1.5, 2 mg/ml, in both 2-D and 3-D modes (see Figs. 5 and 6 ). Fig. 5 shows the UTE-2-D measurements, where the acquisition parameters were as follows: repetition/echo time, (TR/TE) = 30/0.3885 ms; slice thickness (ST) = 1.16 mm; matrix size = 128 × 128 mm; flip angle = 15°C; FOV = 58 × 58 mm; the total acquisition time is 1 min 12 s. As can be seen in Fig. 5 , the only samples in which signal was observed were A, B, and C, corresponding to the lowest concentrations of 0.25, 0.5, 0.75 mg/ml, respectively.
Since the UTE-3-D sequence can be implemented with the shortest TE possible, we have implemented the UTE-3-D sequence where the TE is 8 µs (see Fig. 6 ). The relevant acquisition parameters are as follows: repetition/echo time, (TR/TE) = 4/0.008 ms; matrix size = 128 × 128 × 128 mm; flip angle = 15°C; FOV = 58 × 58 × 58 mm; the total acquisition time is 13 min 41 s. As can be seen in Fig. 6 , the T2 values decrease with increasing concentrations, indicating that the highest concentration has the shortest T2, which is visible in UTE-3-D, but not in UTE-2-D. This is due to the fact that the shortest ECO time has been used in 3-D image acquisition.
The UTE-3-D sequence clearly shows the signals from all the samples from the highest to lowest concentrations. These results are very promising in that the reported Gd 5 Si 4 samples have the tendency to reduce the T2 values to a great extent and could potentially be used as T2 contrast agents for MRI imaging.
IV. CONCLUSION
Gd 5 Si 4 nanoparticles have been successfully synthesized using arcmelting and ball milling. The particles show long-range ferromagnetic order up to 320 K. From the MRI UTE-3-D sequence measurements, the particles show the need to use significantly shorter echo times of 0.008 ms (8 µs). This finding shows significant reduction compared to the reported SPION [Girard 2011 , Scharlach 2015 . These results open new routes of using Gd 5 Si 4 magnetic nanoparticles for T2 contrast agent for imaging musculoskeletal tissues, ligaments and tissues with short T2
* visualization, and liver and lung parenchyma.
